The transition to turbulent flow is studied for liquids of different polarities in glass microtubes having diameters between 50 and 247 µm. The onset of transition occurs at Reynolds number ∼1800-2000, as indicated by greater-than-laminar pressure drop and micro-PIV measurements of mean velocity and root-mean-square velocity fluctuations at the centerline. Transition at anomalously low values of Reynolds number was never observed. Additionally, the results of more than 1500 measurements of pressure drop versus flow rate confirm the macroscopic Poiseuille flow result for laminar flow resistance to within -1% systematic and ±2.5% rms random error for Reynolds numbers less than 1800.
Introduction
The transition from laminar Poiseuille flow to turbulence in a circular tube is a familiar phenomena that is generally understood to have a minimum lower critical Reynolds number between 1800 and 2300. 1 These values have been established on purely empirical grounds, and traditional linear stability does not adequately predict transition.
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Nonlinear theories, 3, 4 low-dimensional models, 2 and simulations 3, 5, 6 have been considered to explain and predict transition to turbulence in a circular tube, yet many questions remain open regarding the role of disturbances such as acoustic waves, vibrations, inlet agitation, and molecular motion.
Such disturbances do not scale with the diameter of the tube, so one must allow for the possibility of their effect when the diameter is reduced to the sub-100 µm level commonly dealt with in microfluidics.
In microscale flows of liquids the incompressible, viscous Navier-Stokes equations are expected to describe the fluid motion down to scales of the order of 10 molecular spacings, 7 or until the tube diameter drops well below one micron. It is possible that there is a small effect due to slip in the near vicinity of the wall. 8 For hydrophilic boundaries, closer investigations at the wall suggest that the no-slip boundary condition is valid, 9 but even if the wall material is hydrophobic, the slip length is less than 1 µm and the effect of this conservative estimate of slip length on flow resistance is likely to be within any experimental error for flow diameters of the order of 300-400 microns. Other factors, such as such as weak non-Newtonian fluid properties or micro-polar molecular structure, have negligible effects on transition in macroscopic tubes, but might become important in the extremely high shear rates found in microtubes at Reynolds numbers approaching transition. Like the fluctuations described above, these effects also fail to scale only with Reynolds number, and they therefore merit critical examination.
In view of the several factors mentioned above, it is perhaps not surprising that various investigators have interpreted experimentally observed departures from the classical linear relationship between pressure drop and flow rate in microtubes and channels to be a mani- Renormalization is based on an arbitrary dataset which, in this case, is selected to be the conventional friction factor versus Re data. The renormalization is a potentially useful tool in demonstrating a scaling of the friction factor trends, but does not fully address the question of absolute critical Reynolds numbers observed in microchannels. Additionally, although Peng et al. 16 suggested early transition based on their data, Obot 15 deduces from the same data that no transitional flow was seen to occur below Re ≤ 1000. Despite his deductions based on data from the literature, Obot 15 concludes that "there is a need for carefully crafted experimentation aimed at determining pressure drop.. characteristics."
The purpose of this paper is to report an extensive series of experiments in microtubes with diameters between approximately 50 µm and 250 µm using liquids of different polarities to quantitatively evaluate the effect of scale on the transition from laminar to turbulent flow.
To date, the conclusions regarding anomalous transition to turbulence in microchannels have been drawn based on bulk flow measurements in the absence of supporting statistical velocity data. In the current study, it is shown using both bulk flow resistance data and micro-PIV velocity data that over the range of diameters studied, the transition occurs between 1800 and 2300, in agreement with results for large tubes. Thus, at least down to the scale of 50 µm diameter, the transition behaves in a classical manner, unaffected by any of the effects described above.
The experimental study of transition in microchannels is difficult because extreme pressure gradients are needed to achieve the Reynolds numbers at which one expects transition to occur, i.e., ∼ 2000. Standard techniques for identifying transition either plot friction factor versus Reynolds number and observe deviations from the laminar relationship or measure RMS axial velocity as a function of Reynolds number and identify the Reynolds number at which the RMS increases above zero. To establish transition by either of these criteria, one must be able to identify, with confidence, the characteristics of laminar microtube flow, a subject that one expects, at first blush, to be trivial. However, the body of experimental The Darcy friction factor for flow in a duct is defined as
where the hydraulic diameter D h = 4A/P . A is the cross-sectional area, P is the wetted perimeter, ρ is the density, U B is the bulk velocity, x is the streamwise (axial) direction, and P is the mean pressure. If the fluid obeys Newtonian rheology, the friction factor for steady, fully developed laminar should be given by
where C 1 is a constant that depends on the cross-sectional shape,
is the dynamic viscosity.
For a round cross-section, C 1 = 8, and the numerator of Eq. 2 has the well-known value of 64. The flow resistance may also be stated in terms of the Poiseuille number, whose definition is
Numerical values of Po for various non-circular channels are tabulated in Sharp et al.
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Results found in the literature for various cross-sectional shapes are summarized in 
Experiments 2.1 Apparatus
The experimental apparatus, shown in 
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Taking all errors into consideration, the measurements of Po and f were expected to be accurate to within ±2.5% rms.
Transition and flow resistance
Before discussing the transition to turbulence, we first show that the laminar flow prior to transition obeyed the the relationships accepted for classical Poiseuille flow in round tubes.
The pressure drop versus flowrate data from more than 1500 measurements are summarized in Figs. 1(b), 3(a), and 3(b). In Fig. 3(a) , the pressure drop is presented in a dimensionless form, anywhere from 1,800-2,300.
Transition and the axial velocity
Using the same flow delivery and test sections described previously, micro-PIV experiments were also performed to quantitatively measure the axial, u, component of velocity within the microtubes. In these experiments, a steady pressure was maintained inside the pressure vessel to within ±0.4% to produce very nearly steady flow and thereby to permit time averaging. In all cases, the measurements were obtained at a streamwise location, (x/D) that was greater than 0.06Re D , the entrance length needed to achieve fully developed flow. is plotted versus the Reynolds number in Fig. 6 for all PIV test sections. The root mean square value of the spatial variation is consistent with the 1% noise found in Fig. 5 . It is concluded that the magnitude of spatial variations due to roughness are within the noise level, if they exist at all. This implies that although microscale effects are plausible, the differences in microscale and macroscale transition to turbulence in a circular tube are not nearly as large as originally thought by Mala and Li
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and Peng et al. 10 It is concluded that the effects of surface roughness are negligible in the current study.
Summary and Conclusions
The flow of a liquid in microchannels should be represented well by continuum theory unless the channel dimensions approach the slip length at the wall, estimated to occur for channels 
